ABSTRACT: The present study was designed to investigate the early maturation of the brainstem regulation of the cochlear function in preterm neonates. Evoked otoacoustic emissions (EOAE) and their regulation via the medial olivocochlear efferent (MOC) reflex were investigated in a large population of preterm neonates and compared with full-term neonates and young babies from birth to 4 y and school-aged children. In 28-wk preterm neonates, EOAE were seen in the mid-frequency range. These responses extended both to the low (down to 1025 Hz) and high (up to 6152 Hz) frequency ranges at 38 wk of gestational age and remained stable up to 4 mo. At this stage, the amplitude of EOAE overlapped adult values. EOAE amplitudes then decreased to reach adult values at 3 y of age. Maturation of MOC efferents innervating the outer hair cells was investigated by studying the suppressive effect of contralateral sound on the EOAE amplitudes (MOC reflex T he cochlea, the auditory organ of the inner ear, contains two types of mechanosensory hair cells, inner hair cells, and OHC. OHC are precisely adapted for mechanoreception, i.e. transduction of cochlear partition vibration into a bioelectrical signal. OHC electromotile properties (1) led to the concept of a "cochlear amplifier" involving active biomechanical feedback from OHC to the basilar membrane. This assumption is further supported by the cochlea's ability to produce acoustic energy, which can be easily detected by a sensitive microphone placed in the ear canal (2). The emitted responses, named evoked otoacoustic emissions (EOAE), are vulnerable to the same forms of interference that reduce or destroy OHC function (3).
T he cochlea, the auditory organ of the inner ear, contains two types of mechanosensory hair cells, inner hair cells, and OHC. OHC are precisely adapted for mechanoreception, i.e. transduction of cochlear partition vibration into a bioelectrical signal. OHC electromotile properties (1) led to the concept of a "cochlear amplifier" involving active biomechanical feedback from OHC to the basilar membrane. This assumption is further supported by the cochlea's ability to produce acoustic energy, which can be easily detected by a sensitive microphone placed in the ear canal (2) . The emitted responses, named evoked otoacoustic emissions (EOAE), are vulnerable to the same forms of interference that reduce or destroy OHC function (3) .
The CNS controls the motor activity of the OHC via MOC neurons, originating in the medial nuclei of the superior olivary complex. Three populations of neurons projecting from the MOC efferents to each cochlea have been shown: 1) the largest group of efferent units, which are the most responsive to ipsilateral sound stimulation, originates in the contralateral medial olivary complex and constitutes the crossed projection; 2) a group consisting of efferent units, which respond best to a contralateral sound stimulation, originates in the ipsilateral medial olivary complex and constitutes the uncrossed projection; 3) a group of efferent neurons, which respond to both ipsi-and contralateral stimulation (4) . Interrupting the MOC efferents at the floor of the fourth, which severed all the efferents crossing the middle line, but spared most of the uncrossed fibers, did not affect the suppression of auditory nerve responses induced by the contralateral sound stimulation (5). However, when cuts damaged both the crossed and uncrossed fibers at the vestibulocochlear anastomosis, the suppressive effect of the contralateral sound stimulation on auditory nerve responses was eliminated. Consequently, the suppressive effect of the contralateral sound stimulation is mediated by the uncrossed part of MOC efferents. Given that similar findings were also observed on distortion product otoacoustic emissions (6), the suppressive effect of the contralateral sound stimulation had been attributed to a direct action of the uncrossed MOC efferent on OHC, which alters the mechanical nonlinearity of the cochlear partition, and consequently reduces distortion product otoacoustic emissions.
Although EOAE constitute a noninvasive test that can be easily used in humans, few studies provide data on the physiologic maturation of the MOC efferent in preterm and fullterm neonates. Studying a sample of 120 full-term neonates, a suppression of the amplitude of the EOAE in 88.5% was shown (7), suggesting that MOC efferents are mature at birth. Evoked and spontaneous otoacoustic emissions recorded in preterm neonates suggested that MOC efferents mature shortly after birth, although the small size of preterm groups did not allow clear description of the time course of the maturation (8 -12) . The aim of this study was to investigate the early maturation of EOAE and of the MOC efferent system in statistically significant population of preterm neonates.
METHODS

Subjects.
Recordings were made under aseptic conditions in Caremeau Hospital (Nîmes, France) in the neonate pediatric department for preterm neonates and in the ENT department for babies, infants, and young adults. Informed consent was obtained from the parents of all subjects, except subjects up to 16 y old. Approval for the study was obtained from the Ethical Committee of the Centre Hospitalo-Universitaire de Nîmes. Preterm neonates with any risk factors for hearing loss were excluded from the study (e.g. a family history of hearing impairment, neurologic abnormalities, severe anoxia, fetal or neonatal infection, ototoxic treatment during gestation or after birth, or ENT malformations).
Sound-evoked otoacoustic emission recordings. EOAE were elicited, recorded, averaged, and analyzed by otodynamic ILO88 software and hardware (Otodynamics Ltd., Herts, UK). The stimulus was an unfiltered click (intensity 80 Ϯ 3 dB SPL, duration 80 s, presentation rate 50/s). This particular intensity was chosen in consideration of previous works done on humans (8, 13) . Two hundred responses were averaged during 20 ms (the first 2.5 ms were eliminated during the data processing treatment). Two different probes were used, depending on the size of the ear canal: a classical adult probe to investigate children and young adults and a smaller baby-adapted probe to investigate preterms and full terms. In preterm neonates, babies, and children (up to 4 y old), EOAE were elicited and recorded with a ILO88 SND-type neonate probe (Otodynamics Ltd.), which is designed for very small auditory meatus and contains an attenuator to avoid high levels of stimulation due to the small size of the ear canal volume. In adults, EOAE were elicited and recorded with an ILO88 SGD-type adult probe (Otodynamics Ltd.).
Contralateral white noise stimulation. Contralateral broad white noise was calibrated in an artificial ear by using a calibrated 1/2-inch Brüel & Kjaer (Naerum, Denmark) microphone (4134) and a Brüel & Kjaer calibrating amplifier (2606). Contralateral white noise stimulation was delivered by an Interacoustic audiometer AD 17 (Interacoustic, Assens, Denmark) and presented to the contralateral ear at 50 dB HL by a 2 cm diameter Sony earphone (Sony, Tokyo, Japan).
Measurements and statistics. The EOAE amplitude was recorded according to a band of 200 Hz, yielding 23 frequency bands from 781 and 6201 Hz. Only responses 3 dB above noise level for given frequency bands were taken into account. Statistical analysis was performed using a Mann-Whitney nonparametric U test. In all cases, the criterion of significance was p Ͻ 0.01.
Experimental protocol. Recordings were performed at least 3 d after birth to avoid fluid secretions usually found in the outer and middle ear immediately after birth. When possible, preterm neonates were recorded over a period of several weeks after birth. Preterm neonates were recorded in their cradles or incubators after feeding. Babies and children up to 2 y old were recorded during postprandial sleep. Children older than 2 y and adults were recorded awake.
In babies, children, and adult subjects, EOAE recordings took place in one session, including EOAE recording with and without contralateral white noise stimulation. In preterm neonates, recording with contralateral white noise stimulation was performed when conditions were suitable (when noise and subject's movements were reduced enough). In all cases, the mothers accompanied the babies to the test room and, occasionally, cradled their babies in their arms.
RESULTS
EOAE were recorded in 151 preterm neonates (211 ears) ranging from 28 to 38 wk of gestational age, 153 babies and young children from birth to 4 y (249 ears), and 17 schoolaged children/adolescents from 5 to 18 y (36 ears). The criterion to select the subjects was a percentage of reproducibility of EOAE up to 80%. According to this criterion of reproducibility, 466 out of the 497 tested ears were included in this study. Among the 466 ears, contralateral sound suppression has been successfully performed on 214 ears (see Table 1 ).
Development of the EOAE-amplitude analysis. Figure 1a shows the amplitude of EOAE as the function of ages. Note that the variability of the EOAE amplitude was approximately comparable between age groups. EOAE amplitude increases from 28 wk (12.70 dB SPL Ϯ 1.57, n ϭ 4) to 37 wk conceptional age (21.15 dB SPL Ϯ 0.75, n ϭ 19). The mean amplitude for the different groups of ages between 30 and 36 wk were 14.80 dB SPL Ϯ 1.25 (30 -31 wk, n ϭ 23), 17.90 dB SPL Ϯ 1.50 (32-33 wk, n ϭ 37), 19 .60 dB SPL Ϯ 1.02 (34 -35 wk, n ϭ 33), and 21.30 dB SPL Ϯ 0.86 (36 wk, n ϭ 28). The mean EOAE amplitude measured in neonates between 37 wk and 2 mo of conceptional age was highest than those measured in infants and 306 young adults (Fig. 1a) . (Fig. 1b) . Between 28 and 31 wk of gestation, preterm neonates presented small EOAE responses centered in the middle frequency range (i.e. between 2246 and 4687 Hz). Responses increased and extended with age both to low (up to 1025 Hz) and high (up to 6152 Hz) frequency range until 38 wk (Fig.  1b) . Adult-like values result from the decrease of amplitude of the whole spectrum range of EOAE amplitudes (Fig. 1b) .
Development of the contralateral sound suppressive effect-amplitude analysis. To study the functional maturation of MOC efferents, we measured EOAE in the presence of 50 dB SPL contralateral white noise stimulation. All efforts were made to limit the background noise during the recording sessions. If refitting the probe was necessary between two recordings of the same ear, the recordings were discarded. Sound-evoked MOC activation with a contralateral white noise stimulation leads to an age-dependent reduction of EOAE. At 30 -31 wk of conceptual age, preterm neonates did not present significant contralateral sound suppression (0.31 dB Ϯ 0.62) of EOAE. Mean EOAE amplitude was 14. 80 dB SPL Ϯ 1.25 and 14.49 dB SPL Ϯ 1.22 (n ϭ 19) before and during contralateral white noise stimulation, respectively. The first significant contralateral sound suppression (0.11 dB SPL Ϯ 0.42, p Ͻ 0.01) was seen in preterm neonates of 32-33 wk of conceptual age (mean EOAE amplitude 17.90 dB SPL Ϯ 1.50 and 17.79 dB SPL Ϯ 1.20, n ϭ 27, before and during contralateral white noise stimulation, respectively). Among the 27 preterm neonates of 32-33 wk of conceptual age, 4 did not show EOAE reduction in the presence of contralateral white noise stimulation. At 34 -35 y of age, all the subjects presented significant contralateral sound suppression that increased with age. The mean contralateral sound suppression was, respectively, 0.655 Ϯ 0.23 and 0.875 Ϯ 0.20 for neonates of 34 -35 wk (n ϭ 29) and 36 wk (n ϭ 22) of conceptual age. Adult-like values (1.01 Ϯ 0.78, n ϭ 34) were reached at 37 wk gestational age (1.28 Ϯ 0.24, n ϭ 14). The mean contralateral sound suppression was 1.475 Ϯ 0.23 (n ϭ 14) at 38 wk, 1.51 dB Ϯ 0.32 (n ϭ 14) at 40 wk of conceptual age, 1.59 dB Ϯ 0.21 (n ϭ 41) at 1 mo, and 1.01 dB Ϯ 0.13 in young adults (n ϭ 34). To avoid differences due to variation of EOAE amplitude, we plot the amount of suppression as a percentage of EOAE amplitude without contralateral white noise stimulation. Figure 1c shows a monotonic increase of the suppressive effect that reached adult-like values before birth.
Spectrum frequency analysis. To further investigate changes during the development of MOC efferent, we analyzed the effect of contralateral white noise stimulation on the spectral bands of the EOAE from 781 Hz to 6201 Hz with steps of 244 Hz. Whatever the age, contralateral white noise reduced EOAE amplitude in the same frequency range. Figure  1d showed that contralateral white noise stimulation reduced EAOEs amplitude at frequencies between 2000 and 4000 Hz in 1-mo-old babies. Note the significant suppressive effect at 2070 Hz (5.87 dB Ϯ 0.25, p Ͻ 0.01), 3000 (3.87 dB Ϯ 0.25, p Ͻ 0.01), and 3020 Hz (2.87 dB Ϯ 0.25, p Ͻ 0.01).
DISCUSSION
EOAE were recorded to study the maturation of cochlear micromechanics and of the MOC efferent system in a large contingent of preterm and full-term neonates and young adults. Whereas the development of EOAE amplitude displayed a complex and long time course of maturation (up to 3 y), the MOC efferent showed fast maturation, reaching adult value at 37 wk of conceptional age.
Development of the EOAE. Morphologic data show that the maturation of cochlear structures in human fetuses is a rapid process. By 22 wk of gestation, OHC show both an elongated shape (14) and an adult-like pattern of stereocilia (15, 16) . In experimental animals, where functional correlations are available, these morphologic criteria just coincide with the onset of OHC electromotility (17, 18) . This strongly suggests that human OHC may start their active mechanisms by wk 20 -25 and explains why the first attempt to record EOAE, performed at 28 -29 wk, was successful. EOAE amplitude increased up to 38 wk of conceptional age. At this stage of development, the amplitude of EOAE was much higher than in young adults. A decrease in amplitude was seen after 2 mo to reach adult-like values reached in children of 3 y. This is consistent with other studies showing that the amplitude of EOAE is higher in fullterm neonates than in young adults (13) . The higher amplitude measured in neonates might be explained by morphologic and functional specificities related to external and/or middle ear immaturity, such as the small volume of neonate meatus or change in the external and middle ear transfer function due to the presence of vernix caseosa in the meatus or residual amniotic fluid into the middle ear (19) . In the present study, EOAE were recorded at least 3 d after birth to avoid transmission factors due to the presence of amniotic fluid in the middle ear. In any case, the presence of secretions into the meatus and/or fluid into the middle ear would result in smaller, not higher, amplitudes in neonates than in adults (20) . Thus, it is unlikely that the volume of meatus may explain this phenomenon inasmuch as we used a probe specifically designed for recordings in babies, and because the calibration took into account the volume of external ear canal. Alternatively, we report that the higher amplitude measured between 37 wk of conceptional age and 2 mo is not only due to an increase of EOAE amplitude but also to the occurrence of additional frequency responses toward the low-and highfrequency range. Spontaneous otoacoustic emissions are present in Ͻ50% of adult ears, but with greater prevalence in infants and neonates (21) . Although we did not measure spontaneous otoacoustic emissions, the greater prevalence of spontaneous otoacoustic emissions may explain the stronger EOAE responses in neonates.
Development of the contralateral sound suppressive effect. Whereas EOAE can be recorded for the first time at 28 wk 307 MOC EFFERENT MATURATION IN PRETERMS postconception, there was not significant contralateral sound suppression observed before 32 wk. The first significant decrease of EOAE amplitude in the presence of contralateral stimulation was seen in 32-33 wk preterm neonates. Given that EOAE are a witness of OHC active mechanisms and that EOAE suppression reflects MOC efferents activity, these results show that the onset of function of the MOC so-called "reflex" (22) is slightly delayed compared with the onset of the OHC active mechanism. This is consistent with anatomical data, as maturation of the MOC efferent OHC synapses is one of the last morphologic events occurring in the cochlea (23) . Ultrastructural examination of human cochlea indicates that the first efferent synapses at OHC can be seen by 22 wk after conception (14) . Similarly, MOC neurons have been identified in the human brainstem at about the same stage (24) . However, a complete development of OHC with fully developed efferent synapses may take several weeks, until the third trimester of pregnancy (14, 25) . In the present study, the functional maturation of the MOC efferents was completely achieved in 37 wk preterm neonates, thus 2 or 3 wk earlier than other studies reporting achievement of MOC efferent maturation shortly after birth (11, 12) . The 2 or 3 wk difference may be related to differences in otoacoustic emission measurements, i.e. distortion product otoacoustic emissions in the study of Abdala et al. (11) or to the smaller size of preterm age groups (11, 12) .
Results indicate that contralateral sound suppression reduces EOAE amplitude in a frequency range of 2000 -4000 Hz in all age groups tested. This is consistent with results obtained on distortion product, showing a robust suppression at 1500 Hz and 3000 Hz for all ages (11). It is not clear why MOC efferents activation only affects this narrow range of frequencies, inasmuch as morphologic studies in humans suggest that the density of OHC efferent innervation follows the general trend of the mammalian cochlea, with a decrease from base to apex (26) . However, in these studies, the very base of the cochleas (coding in humans for frequencies above 5 kHz) has never been carefully observed and the results are far from quantitative. Interestingly, the frequency range of MOC inhibition corresponds to the frequency spectrum of human speech (27) . One explanation may be that the MOC efferents facilitate speech perception and understanding while inhibiting nonrelevant stimuli such as background noise (28) . Another explanation is related to the potential protective role of the MOC system against acoustic trauma located in the same frequency range as suggested by others (22, 29) .
In conclusion, our study shows that human MOC efferents have a generally adult-like effect on cochlear mechanics by 37 wk of conceptional age, and thus MOC efferents immaturity clearly exists only before term birth. Thus, testing the MOC reflex may have a clinical relevance to detect an abnormal development of the auditory pathways in neonates. In fact, this test could be useful to investigate brainstem circuitry not explored through conventional testing, in which risk of hearing loss may appear, notably in low weight babies, hemorrhage in the inner ear, bilirubin, or aminoglycoside antibiotic toxicity or cytomegalovirus infection.
